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ABSTRACT 

The work in this paper aims at determining the evolution and possible co-evolution of radio-loud 
active galactic nuclei (AGNs) and their cores via their radio luminosity functions (i.e., total and core 
RLF respectively). Using a large combined sample of 1063 radio-loud AGNs selected at low radio 
frequency, we investigate the radio luminosity function (RLF) at 408 MHz of steep-spectrum radio 
sources. Our results support a luminosity-dependent evolution. Using core flux density data of the 
complete sample 3CRR, we investigate the core RLF at 5.0 GHz. Based on the combined sample with 
incomplete core flux data, we also estimate the core RLF using a modified factor of completeness. 
Both results are consistent and show that the comoving number density of radio cores displays a 
persistent decline with redshift, implying a negative density evolution. We find that the core RLF is 
obviously different from the total RLF at 408 MHz band which is mainly contributed by extended 
lobes, implying that the cores and extended lobes could not be co-evolving at radio emission. 
Subject headings: galaxies: active - galaxies: luminosity function, mass function - radio continuum: 
galaxies. 



1. INTRODUCTION 

The radio-loud AGNs are powerful objects in which 
strong radio emission originate from non-thermal pro- 
cesses associated with the bipolar outflow from cen- 
tral active nuclei. In the observation of low radio fre- 
quency, they mainly consist of the radio galaxies (RGs) 
and steep-spectrum radio quasars (SSRQs), such as GHz 
Peaked Spectrum sources (GPSs), Compact Steep Spec- 
trum sources (CSSs), Giant Radio Galaxies (GRGs) etc. 
Some radio galaxies have linear sizes as large as sev- 
eral megaparsecs, and are possibly the larg est individ- 
ual objects in the Universe ([Lara et "al~ll2004[ ) . The radio 
structures of radio-loud AGNs often show various mor- 
phologies, but a two-component structure with core and 
lobes (generally showing a steep-spectrum) is usually in 
common. Traditionally, the 'core' is defined as a com- 
ponent which is normally unresolved on arcsecond scales 
and has a flat spectrum. It is usually believed that the 
core is coincident with the active nucleus that trans- 
ports ene rgy and matter to the extended lobes by the 
outflow. iFeretti et al.l (|1984[ ) found a statistically sig- 
nificant correlation between the core radio power at 5.0 
GHz and the total radio power at 408 MHz which is 
mainly dominated by extended lobes. Similar relations 
were also found by other au thors (e.g. iGiovannini et ail 
[1981 iZirbel k BaumllT995l ). In recent years, Hardcas- 
tle and his collaborators have found more relations be- 
tween the properties of cores and extended lobes based on 
3CRR radio galax i es/QSOs (see lHardcastle et all 119981 : 
iMullin et afl 120081 : lHardcastle et all 12009( 1. It is known 
that the luminosi t y of radio galaxies/ QSOs evolve with 
time ()Singallll99i felundell et alJll999T >. As the most ac- 
tive parts in radio AGNs, it is not known whether the 
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cores co-evolve with their parent radio sources. To in- 
vestigate this problem, we study their radio luminosity 
functions (i.e., core and total RLF respectively). 

The RLF, presenting the space density of radio sources 
along with redshift and luminosity, is very important be- 
cause its shape and evolution provide constraints on the 
nature of radio activity and the cos mic evolution of radio 
galaxies/QSOs (jWillott et al Jl200Th . Many researches on 
the total RLF have been done (e.g. jColla et al.l 119751: 
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some precursory work. Ibunlop k Peacock! (fl990h found 
a decline of t he RLF beyond z ~ 2.5, e.g. so-called red- 
shift cut-off. iColla et all (|1975h calculated the RLF of 
cores based on a sample of 54 bright elliptical galaxies 
identified with radio sources of the B2 catalogue. How- 
ever, they did not present any evolution of radio cores 
with redshift. After then, the research on the RLF of 
the cores is rare. Because the cores are often unresolved 
and variable, it is not easy to establish a desirable sam- 
ple of cores with reliable radio flux. In recent years, the 
fluxes of cores in many sources were obtained by Very 
Large Array (VLA), Australia Telescope Compact Ar- 
ray (ATCA) , Parkes-Tidbinbilla real-time interferometer 
(PTI), and Very Long Baseline Interferometry (VLBI). 
In this paper, we establish a large combined sample of 
radio galaxies/QSOs by collecting data from the litera- 
ture. Many sources have 5 GHz core flux (57.1%), total 
flux at 408 MHz (100%) and redshifts (97.0%). We then 
derive the core RLF at 5 GHz and total RLF at 408 MHz 
respectively, and compare their properties to study the 
co-evolution in detail. 

The sources in our sample are all steep-spectrum 
ones which mainly consist of radio galaxies and steep- 
spectrum QSOs. The flat-spectrum counterparts of these 
sources are flat-spectrum QSOs and BL La cs. In the 
light of Unified Schem e of AGNs (e.g. lAntonuccil U993T: 
lUrrv k Padovanilll995l ). the steep-spectrum sources are 
inclined at larger angles to the observer. This 'edge-on' 
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character make it possible to observe the extended lobes 
and radio cores at the same time. In addition, the ra- 
dio cores in steep-spectrum sources are less affected by 
Doppler-boosting compared with that in flat-spectrum 
sources. Therefore we use steep-spectrum sources to 
study the evolution relationship between the cores and 
their extended radio emission. 

Throughout the paper, we adopt a Lambda Cold Dark 
Matter cosmology with the parameters fl m = 0.27, Oa 
= 0.73, and H = 71 km s" 1 Mpc" 1 . 

2. THE COMBINED SAMPLE 

In general, to construct the RLF of radio sources, a 
complete sample consisting of every radio sources in a 
certain area on the sky brighter than a specified flux 
limit at the selection frequency is required. A set of 
independent complete samples in different surveys with 
different flux limit can also be combined tog ether into 
one 'coherent' sample (|Avni fc Bahcalll 119801 ) . In the 
paper we construct such a coherent sample combined 
with four independent complete samples (described be- 
low) totalling 1063 sources. These samples are selected 
from low-frequency survey, e.g. one sample at 178 MHz 
and thre e at 408 MHz. They have smaller orienta- 
tion bias (|Hardcastle et al1l!998[ ) than high-frequency se- 
lected samples. The following sections present detailed 
information about the sub-samples. The final list of ra- 
dio galaxies/QSOs can be found in the Appendix A. 

2.1. The 3CRR bright sample 

The 3CRR brigh t sample, also known as LRL sample 
(|Laing et al.l H983 1 ). is a sample of 173 sources at 178 
MHz with flux-density above 10.9 Jy, over a 4.233 sr 
region of the sky. Assuming a typical index of 0.8, we 
obtain the flu x limit to be 5.6 Jy at 408 MHz. Following 
iWillott et all (2001), we exclude three sources, 3C231, 
3C345, 3C454.3, in which 3C231 (M82) is a starburst 
galaxy, while 3C345 and 3C454.3 actually have fluxes 
lower than the flux limit. This sample thus includes 170 
sources, in which 169 sources have core flux densities at 
5 GHz and all sources have spectroscopic redshifts. 

2.2. The MRC 1-Jy sample 

The MRC 1-Jy sample was selected by McCarthy 
and his coll aborators from the Molon glo Reference Cat- 
alog (MRC ILaree et al.l H98lL fl99lh at 408 MHz (see 
IMcCarthv et al.l 119961 for details). The sample con- 
sists of 559 radio sour ces, in which 111 ones are quasars 
Il998al) and others are radio galaxies 
Il998b0 . The flux limit is 0.95 Jy at 408 
MHz and the sky area covered is 0.56 sr. 18 sources 
are excluded because they are flat-spectrum ones with 
spectral index near 408 MHz a < 0.5 (S = v~ a ). For 
the left 541 sources, core flux densities of 207 objects 
were retrieved from the literature. Only 375 (69.3%) 
sources have spectroscopic redshift data. Since the main 
sources without redshifts are radio galaxies, we estimate 
their photometric redshifts using the empirical relation 
of R — z or K — z derived from extended sources in the 
MRC 1-Jy sample with galaxy identifications. The R- 
band magnitude data are from IMcCarthv etHI (fl996h 
and K-band data are from P. J. McCarthy (by private 
communication). The two relations are shown in Fig. 1 
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Fig. 1. — R-z relation from MRC 1-Jy data (McCarthy ct al. 
1996) for extended sources. The stars represent objects with optical 
ID and spectroscopic redshift information. The red solid line shows 



the quadratic fit (R = 21.60 + 4.72 lo 
photometric redshifts are estimated. 



; z + 0.10(log z) ) from which 



E 



.■ . ■ * ■ 



-1.5 -1.0 -0.5 0.0 0.5 

log(z) 

Fig. 2. — K-z relation for extended sources of MRC 1-Jy. The 
K-band magnitudes information are from McCarthy (by private 
communication). The squares represent objects with optical ID 
and spectroscopic redshift information. The red solid line shows 
the quadratic fit (K = 17.17 + 3.57 log z - 0.21(log z) 2 ) from which 
photometric redshifts are estimated. 



and Fig. 2 respectively. The best fits to these data are 



R = 21.60 + 4.72 logz + 0.10(logz) 2 



K = 17.17 + 3.571ogz-0.21(logz) 2 



(1) 



(2) 



If the redshift can be estimated using both relations, 
we take their average value as z es t- Photometric redshifts 
of 138 sources are estimated, bringing the total number 
of sources with redshift information to 513 (94.8%). 

2.3. The MS4 sample 

The Molongl o Southern 4 Jy sample (her eafter MS4) 
was selected by iBurgess fc Hunsteadl (|2006al fbh from the 
MRC at 408 MHz. Located in a different region of the 
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sky with the MRC 1-Jy sample, MS4 has a flux limit 
of 4.0 Jy at 408 MHz and covers a sky area of 2.43 sr. 
After excluding 10 flat-spectrum sources, there are 218 
ones left, in which 213 have spectroscopic redshifts. The 
core fluxes of 160 sources at 5 GHz are retrieved from 
the literature. 

2.4. The BRL sample 

This sample, selected bv iBest et al.1 (|1999f ). was also 
from the MRC at 408 MHz. It locates in different sky 
from the MS4 sample and partly overlaps with the MRC 
1-Jy sample. The flux limit of BRL is 5.0 Jy at 408 
MHz and the sky area is 3.606 sr. The sample contains 
178 sources with spectroscopic redshifts. Removing the 
sources repeated in MRC 1-Jy sample, as well as 9 flat- 
spectrum ones, we finally obtain 134 sources in the sam- 
ple, in which 65 objects have the core fluxes at 5 GHz. 

2.5. The ratio of core to extended radio fluxes 

Although all the 1063 sources in our combined sam- 
ple are steep-spectrum, this can not guarantee that the 
Dopplcr boosting effects are negligible. In order to esti- 
mate these effects on RLF calculation, we have evaluated 
the ratio of core to extended radio fluxes for our sample. 
In the literatu re, this ratio is often referred to as the 
i? c -parameter flZirbel fc Baumlll995f). or as the orienta- 
tion parameter (|Padovani fc Urrvlll992f ). We calculate 
the ratio via: 

D Score(5GHz) , , 

H c = ^ 5 (3J 

Jtotal{5GHz) — £>core(5GHz) 

The total fluxes at 5 GHz for most of the sources are 
retrieved from the literature. For few sources in which 
no Stotai{bGHz) is available, we convert the flux of near- 
est frequency. In Fig. 3 we sh ow the histograms of the 
i? c -parameters for our sample. iPadovani fc Urrvl (|1992[ ) 
showed that steep-spectrum quasars have their radio axes 
within 14° < 8 < 40°, and high-luminosity RGs are in 
the range 8 > 40°. They associated the i? c -parameter 
with 8, i.e., the larger R c corresponds to smaller view 
angle 8. It is shown in Fig. 3 that 94% sources have 
logi? c < 0, and 70% sources with logi? c < — 1. This im- 
plies that only few sources (~ 5%) have viewing angles 
typically smaller 40°. We thus argue that the Doppler 
boosting effects are not important for RLF calculation. 

3. THE RADIO LUMINOSITY FUNCTION 

The RLF p(L,z) is defined as the number density of 
radio sources per unit comoving volume per unit log- 
arithmic luminosity. The luminosity used here is rest- 
frame monochromatic luminosity (W/Hz). We chose to 
evaluate the total radio luminosity at 408 MHz to mini- 
mize the potential impact of beaming, and also because 
it is the frequency of the MRC samples. For the 3CRR 
sources, the fluxes at 408 MHz are taken from literature 
or converted from the fluxes at 178 MHz. The core radio 
luminosity is evaluated at 5 GHz, and is less contami- 
nated by the lobe radiation. 

There are many me thods to determine t he RLF. The 
maximum likeli hood ([Marshall et all I1983D and binned 
1/V a methods (|Avni fc Bahcalll 119801) are commonly 
used. In this paper, we use the 1/V a method to calculate 
the total and core RLFs. 
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Fig. 3. — The distribution of i? c -parameter for our sample. The 
QSO and RG samples are represented by the gray solid and red 
cross-hatched columns. 

3.1. The binned 1/V a methods 

The binned 1/V a metho d, a generalize d version of the 
original l/V max method (jSchmidtl [1968). is often used 
to estimate the luminosity function (LF) of combined 
complete samples. The method of estimat ing the LF 
evolution with the redshift was developed by (jEalesll 19931: 
lEllis et al.lfl996T) . 

The RLF in the ranges [zi,z 2 ] and [log 10 L\, log 10 L 2 ] 
is estimated as 

N 1 

p(L,z) = (Alog 10 L)- 1 ^— (4) 

i=i a 

and the error on each bin (Marshall 1985) is given by 

N 

a=(Alog 10 L)-M£(Kr 2 ] - 5 - (5) 

i=l 

VI is the total accessible volume of radio source i given 
by 

K -j- z d ^ ( 6 ) 

3=1 Jz Zin 

where Vij is the accessible volume of the radio source i 
in sub-sample j. Clj is the solid angle subtended by sub- 
sample j and Cj is a modified factor of sample complete- 
ness. z 1 !- and zt!* n „ are the m inimum and maximum 
redshifts defined as (|Ealeslll993f ) 

z min = max [ z l- z { L i, Slj)}, (7) 

and 

zliax = min[z 2 , z(L h S 2j )] (8) 

where Sij and S 2 j are the minimum and maximum fluxes 
of sub-sample j respectively. z(L,S) is the redshift of 
object with luminosity L an d flux S. T he differential 
comoving volume is given by (|Hogelll999n 

dV c d|[» M (l + ^) 3 + »A]' 1/2 . v 

dz H Q (l + z) 2 ' [) 
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where cIl is the luminosity distance defined as 

d L = — (1 + z) f* dz (10) 

3.2. The total RLF at 408 MHz 

By choosing seven redshift bins (indicated in the lower- 
left part of panel in Fig. 4) and the luminosity bins of 
width Alog 10 L 40 8 = 0.3, the binned total RLF at 408 
MHz is obtained and shown in Fig. 4. 

The binned RLF can be approximately described by 
broken power-law, although the case of redshift bin 
0<z<0.15isa little special. Si milar to luminos- 
ity functions at ot her wavebands (see lBovle et al J 120001 : 
iMiyaji et~a l. 2000), the RLF is steeper at the bright end 
and flatter at the faint end. This shape is rather remark- 
able at high redshift. 

The low-luminosity (composed of FRIs and low- 
excitation/weak emission line FRIIs) and the high- 
lumi nosity sources are believed to have different evolu- 
tion (jDunlop fc PeacocldlT990t IWillott et al.ll200lD . The 
faintest sub-sample of our combined sample is the MRC 
1-Jy sample with a flux limit of 0.95 Jy. We find that 
this sample is still too small to decide the evolution 
trends of low-luminosity sources. Especially at high red- 
shift, the RLFs spread in a very narrow luminosity range, 
while at the lowest redshift bin < z < 0.15, the RLF 
shows a obvious two-population composition. The main 
reason is that the FR I sources are dominant at very 
low luminosity (~ log 10 (L 4 08/WHz _1 ) < 25), which is 
an approximate dichotomy luminosity of FR Is and FR 
lis (|Fanaroff fc Rilevlll974[ )). The RLF at redshift bin 
< z < 0.15 thus represents a combination of two popu- 
lations. More detailed discussion on this problem will be 
the subject of our future work which deals with analytical 
description of the RLFs. 

3.2.1. Sources without spectroscopic redshifts 

In our combined sample, 171 sources have no spectro- 
scopic redshifts. As shown in section 2.2, photometric 
redshifts of 138 sources are estimated, leaving still 33 
sources without redshifts. The number distribution for 
the seven redshift bins (indicated in the lower-left part of 
panel in Fig. 4) is shown in Fig. 5. It can be noticed that 
the sources with estimated redshifts are mainly located in 
the three highest redshift bins. For the 33 sources with- 
out redshifts, which are mainly radio galaxies from the 
MRC 1-Jy sample, we assume that they have the same 
redshift distribution as the 138 estimated ones. Owing 
to intrinsic scatters (see Fig.l and Fig. 2) in the empirical 
relation of R — z and K — z, more or less error will be 
introduced into the total RLFs. Especially for the last 
two redshift bins (1.5 < z < 2.2 and 2.2 < z < 3.5), the 
percentage of sources with estimated redshifts are fairly 
high (~ 30% and 50%). Taking into account the intrin- 
sic scatters in the two relations, the mean square error 
of redshift estimation is 0.4427. The error introduced 
into the RLFs for the last two redshift bins is grossly es- 
timated as 0.4 order of magnitude, roughly comparable 
with the error given by Eq.(5). 

3.2.2. The redshift cut-off 



Based on our sample, we also study the 'redshift 
cut-off' question, involving whether the comoving num- 
ber density of radio AGNs declines dramatically at 
the redshift beyond z ~ 2.5. The RLFs of flat- 
spectrum radio s ources support the existence of a red- 
shift cut-off (e.g. IDunlop fc Peacockl 119901: iShaver et al.1 
[19961: IJarvis fc Rawlingsl 120001: IWall eTaLl 120050 . while 
the 'redshift cut-off' in the steep-spectrum radio sources 
has much controversy. IDunlop fc Peacockl (|1990f ) firstly 
proposed a 'redshift cut-off' for s teep-spectrum ra- 
dio sources, wh ile several authors (jJarvis et al.l 120011 : 
iCruz et all 120071 ) subsequently refuted this conclusion. 
The RLF we obtained doses not show an obvious 'red- 
shift cut-off' over the whole luminosity range. However, 
as shown in above, the bias introduced by the 33 sources 
without redshifts and 138 ones with only estimated red- 
shifts can not be excluded for the last two redshift bins. 
Considering these effects, the 'redshift cut-off' is still not 
obvious in our RLFs. 

3.2.3. The luminosity- dependent evolution 

The faint end of the RLF begins to flatten at z ~ 1.25, 
implying that the positive density evolution of fainter 
sources slows down bey ond z ~ 1.25. Fr o m th e bin- 
ning RLF at 2.7 GHz, iWaddington et al.l ([20011 ) con- 
cluded that the comoving density of these sources begins 
to decline at 1 < z < 2, while the actual turnover red- 
shift may depend on the radio luminosity, implying the 
evolution to be a function of the intrinsic power. Our 
results thus support the luminosity-depen dent evolution 
and a gree with other previo us researches ([Vigotti et al.1 
120031: iCirasuolo et al J 120051 ) . In fact, the luminosity- 
dependent evolution is also confirmed by optical and X- 
ray s elected AGNs ([Hasinger et al.l 120051: Ide Zotti et al.l 
[20101) . 

3.3. The core-total power correlation 

The total versus core radio luminosity for our sample of 
radio sources is plotted in Fig. 6. In ag rement with previ- 
ous results (e.g. iZirbel fc Baum|[l99a lLara et ai] [2004), 
we also find a strong correlation for radio galaxies (RGs) 
and a weaker correlation for QSOs. The relations are 
logm L totai = log 10 L core x (0.83 ± 0.04) + (7.10 ± 0.90) 
for RGs and log 10 L tota z = log 10 L core x (0.39 ± 0.04) + 
(18.00 ± 1.15) for QSOs. The RGs have a steeper slope 
than QSOs, indicating that their total power increases 
more rapidly with core power. RGs span a wider region 
in the total power, while QSOs are mainly distributed in 
the bright region. 

3.4. The core RLF at 5.0 GHz 

As the most active parts of radio AGNs, the cores are 
compact and bright. There are no surveys to search ra- 
dio cores exclusively. The core fluxes are often derived 
by high-resolution observation after their parent radio 
sources have been identified. Our samples of cores thus 
do not have a flux limit as their parent radio samples 
do. Seeing that the 3CRR sample is almost complete 
(99.4%) for core flux densities, it is used separately to 
estimate the binned core RLF by the method introduced 
in section 3.1. The relevant minimum core flux density 
is used as flux limit. 

Choosing six redshift bins (shown in the upper-right 
part of panel in Fig. 7) and luminosity bins of width 
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Fig. 4. — The binned total RLFs are plotted with Poisson errors from Eq.(5). Different symbols correspond to different redshift bins 
as indicated in the lower-left part of panel. Seven redshift bins are used, from z = to 3.5, centred on 2=0.075, 0.28, 0.55, 0.85, 1.25, 
1.85, and 2.85. It is notable that the faint end of RLFs begin to flatten visibly at redshift of z ~ 1.25. These results thus indicate a 
luminosity-dependent evolution for steep-spectrum radio sources. 




bin1 bin2 bin3 bin4 bin5 bin6 bin7 20 22 24 
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Fig. 5. — The number distribution for the seven redshift bins. 
Sources with spectroscopic and R — z or K — z estimated redshifts 
are represented by the red cross-hatched and gray hatched columns. 
For the 33 sources without redshifts, we assume that they have the 
same redshift distribution as the 138 estimated ones. They are 
represented by black solid columns. 

Alog 10 L5.0 = 0.6, we obtain the binned core RLF at 5.0 
GHz shown in Fig. 7. The core RLF is obviously different 
from the total RLF. It is very flat at the whole luminosity 
range. Even if at the bright end, the core RLF does not 



Fig. 6. — Relation of core luminosity at 5 GHz vs. total lumi- 
nosity at 408 MHz. The black squares and red stars correspond 
to radio galaxies and QSOs populations respectively. The black 
dashed and red dot lines show the linear fits. 

steepen as the total RLF. The comoving number density 
of radio cores presents a persistent decline with redshift, 
implying a negative density evolution. 

To make full use of the core flux density data, we also 
estimate the binned core RLF based on our combined 
sample. Owing to the incompleteness (56.5%) of core 
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23 24 25 26 27 28 

lo g,o< L 5 .o /WHz1 ) 

Fig. 7. — The binned core RLFs based on the 3CRR data are 
plotted with Poisson errors from Eq. (4). Different symbols corre- 
spond to different redshift bins as indicated in the upper-right part 
of panel. 



lobe-dominant ones, the above result indicate the radio 
lobes and cores might not be co-evolving. 

4. DISCUSSION 

The main result of this paper is the strikingly different 
evolution of the 'cores' of radio sources compared to their 
extended radio emission. It is already known that the 
number density of extragalactic radio sources with both 
steep-spectrum an d flat-spectrum i ncrease sharply from 
z = to z = 2 fe.g. lWall et~aTll2005D . while our study ap- 
pears to show negative evolution for the number density 
of radio cores. Especially for the flat-spectrum sources, 
they are believed to be dominated by cores. We argue 
that although the flat-spectrum sources are dominated 
by cores, they can not be regarded as pure cores after 
all. Furthermore, in the light of unified models of AGNs, 
the flat-spectrum sources have a jet oriented at a small 
angle with respect to the line of sight, and their radio 
core luminosity are boosted by jet beaming effect. This 
make the RLF of flat-spectrum sources more obscure. 
Thus we have no reason to believe that their evolution 
of number density must be in agreement with the radio 
cores. 




IO9 w (L 6 . /WHz- 1 ) 

Fig. 8. — The binned core RLFs based on the combined sample 
are plotted with Poisson errors from Eq.(4). Different symbols 
correspond to different redshift bins as indicated in the lower-left 
part of panel. 

fluxes in the sample, we define the modified factor of com- 
pleteness Cj for a sub-sample j, where Cj is the number 
percentage of sources with both core fluxes and redshifts. 
By choosing seven redshift bins (indicated in the lower- 
left part of panel in Fig. 8) and luminosity bins of width 
Alog 10 L 5 .o = 0.6, the binned core RLF is obtained and 
shown in Fig. 8. Although this result is not robust due 
to the incompleteness of core fluxes, we present it here 
for reference. This result is consistent with the one given 
by the 3CRR sample, supporting the negative density 
evolution of radio cores. 

3.5. Comparing core RLF with total RLF 

In order to compare the core RLF from the 3CRR sam- 
ple and the total RLF in more detail, both RLFs are 
plotted together for all the redshift bins in Fig. 9. The 
shapes of core and total RLFs are obviously different, 
implying the different evolution of their radio emission. 
Because the radio sources in our combined sample are all 



4.1. The radio cores 

The striking evolution of the radio cores induce us to 
reexamine what a radio core is. Thus a brief review 
of the radio cores is worthwhile. In the standard in- 
terpretation, the core is taken to be t he op tically thick 
base of the jet (jBlandford fc Konigll [19791 ) . This has 
been proved to be ind eed t he case as shown by VLBI 
maps (|Antonuccill2011[ ). As iFalcke fc Biermarml (|1995T ) 
modeled, after the jet formed, the flow will be firstly 
accelerated in a nozzle close to the disk, then it will 
expand adiabatically, enclosing the magnetic field and 
showing up as the compact core. The radio core emis- 
sion, which is generally thought to be self-absorbed non- 
thermal synchrotron emissi on originate in the inner jet 
(jVerdoes Kleiin et al.ll2002l ). has a high degree_of polar- 
ization, a high brightness temperature (|Hol [2008). and 
typically a flat spectral slope at radio wavelengths. Due 
to synchrotron self-absorption, the absolute position of 
the observed VLBI core shifts systematically with fre- 
quency, moving increa singly outward along the V LBI jet 
with lower frequency (|Kudrvavtseva et al.ll201lT ). 



4.2. The negative evolution of radio cores 

As shown in Fig. 7 and Fig. 8, the comoving number 
density of radio cores presents a persistent decline with 
redshift, implying a negative density evolution. It seems 
that the core radio emission could be gradually pow- 
ered by central engines with cosmic epoch, or the radio- 
loudness of the cores be epoch-dependent. Specifically, 
the radio loudness of the cores may be weaker in earlier 
epoch, and fewer cores can be observed in radio emission. 
Indeed, amongst the galaxies harbouring an AGN, only 
a small fraction (a bout 10%) appear to be luminous at 
radio wavelengths (|de Zotti et al.ll2010h . and there have 
been suggestions th at the radio loudness ma y be epoch- 
d epen dent (also seelSaikia fc Jamrozy||2009l ). 

[Hoi (|2002D and lSikora et al.l (|2007t ) found that there is 
a strong correlation between radio loudness and Edding- 
ton ratio (Lb i/ Lsdd, the ratio of bolometric luminosity 
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Fig. 9. — Comparison of core-total RLF for each redshift bin. Red solid circle and black rectangular correspond to the core RLF and 
total RLF respectively. Due to the different frequency of core RLF and total RLF (5 GHz and 408 MHz respectively), the term £5.0/408 
is used. 



to Eddington luminosity), indicating that radio loudness 
decreases with increasing L^oi/LEdd- Both studies used 
the R parameter, defined as the ratio of the monochro- 
matic 5 GHz radio luminosity to the 4400 A optical 
luminosity (R = L ^/L^b), to charact erize the degree 
of radio loudness. iSikora et all (|2007l ) used the total 
luminosity (i.e., including nuclear and extended emis- 
sion) to evaluate the radio loudness, while iHol (|2002[ ) 
only took into account the nuclear emission. In spite 
of the difference, the trends of decreasing radio loud- 
ness with increasin g Eddington ratio were consistent. 
(Falc ke et alj 1199a) argued that the difference between 
radio loud and radio weak is established already on the 
parsec scale. Therefore the above trends actually charac- 
terize the property of cores, implying the radio loudness 
of cores to be lower in early epochs. These trends are 
consistent with the property of core RLF we obtained. 

The epoch-depe ndent radio loudness was also found by 
IJiang et "all ()2007D . Using a sample of more than 30,000 
optically selected quasars from the Sloan Digital Sky Sur- 
vey (SDSS), they found the radio-loud fraction of quasars 
is a strong function of redshift, i.e., the radio- loud frac- 
tion decreases rapidly with increasing redshift. They also 
used the R parameter to characterize the degree of radio 
loudness, and chose R > 10 to define radio-loud quasars. 
It is shown that the radio loudness of quasars are weaker 
at higher redshifts, thus the fraction of radio loud quasars 
is lower in earlier epochs. Considering that most of the 
radio loud quasars in their sample are core-dominated FR 
I instead of FR II, their result that the radio-loud frac- 
tion of quasars negatively evolves with redshift is also in 
agreement with our result of core RLF. 

Besides, a s a go od supplement to the above studies, 
I Rafter et al.l (|2009[ ) investigated how the radio loud frac- 



tion of AGNs changed as a function of Eddington ratio. 
They found that 4.7% of the AGNs in their flux-limited 
subsample are radio loud based on core radio emission 
alone. The radio loud fraction decreases from 13% to 2% 
as Eddington ratio increases over 2.5 orders of magni- 
tude. This result is consistent with the above findings, 
and also supports the result of our core RLF. 

4.3. The analogy with XRBs 

Interestingly, it has become increasingly clear that 
many aspects of BH accretion and jet formation are 
directly comparable between AGNs and X-ray binary 
(XRB ) systems (e.g. iFender et ail 120101: iKording et all 
2006). The XRBs may help one to underst and the radio 
emiss i on ev olution of AGNs. Studies (see IFender et al.l 
12004 I2010D have shown that the jet power associated 
with radio emission, as well as the radiative efficiency of 
the accretion flow, can change dramatically among differ- 
ent accretion states for XRBs. In the so-called low/hard 
state, the Eddington ratio is very low (below about 0.01), 
and a compact self-absorbed jet with radio flat spectrum 
appears. With the arrival of higher Eddington ratios, 
sources can switch into 'softer' states in which the radio 
emission is dramatically suppressed or even quenching. It 
implies a scenario of jet formation that the jet contribut- 
ing radio emission is more easily produced in sources with 
lower accretion ratio. For AGNs, the Eddington ratios 
trend to be higher in early epochs and suppress the pro- 
duction of jet contributing radio emission, their core ra- 
dio emission is then weaker at higher refshifts. When 
the Eddington ratios decrease with decreasing redshifts, 
AGNs easily produce the jet to contribute strong core 
radio emission. Our core RLF confirms that the jet is 
more easily formed in sources with lower accretion ratio. 
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4.4. The different evolution of radio cores and lobes 

It is well known that the cores and the extended lobes 
are related in matter and energy by jet. The core-total 
power correlation (see Fig. 6) is thus the immediate repre- 
sentation of this relation. Our results indicate that, how- 
ever, they behave different evolution pattern and could 
not be co-evolving. We believe that some factors could 
affect their evolution connection. Firstly, the long dis- 
tance between the core and lobe delays the exchange of 
matter and energy, and weaken their co-evolution. For a 
100-kpc AGN jet, we see the core change up to 1 Myr ear- 
lier than the near lobe, assuming a jet velocity of 0.1c (c 
is the velocity of light). Besides, the lobes are inevitably 
affected by intergalactic environment, leading to the evo- 
lution uncertainty. The lobes expand in the intergalactic 
medium (IGM), while the cores are located in interstel- 
lar medium. Different environments (such as magnetic 
held and particle numbe r density) wi ll lead distinct en- 
ergy loss processes (e.g. iKaiserl [2009D . Compared with 
lobes, the radio radiation properties of cores are more 
sensitive to the accretion states of central BHs. As enor- 
mous reservoirs of energy and relativistic electrons, the 
lobes, even if the radio cores have been quenching, may 
still remain detectable for a long time if they are sub- 
j ect only to radiativ e losses of the relativistic electrons 
(|Murgia et al.l l201lh . Assuming a typical magnetic in- 
tensity of 1.5 nT (1 nT = 10^G, see lCroston etaII[2005T l 
of the lobes, the fading time of the lobes at 408 MHz is 
estimated as, 

which is about 10 7 years. 

The episodic AGN activity could also affect the con- 
nection of evolution between lobes and cores. There has 
been a growing body of evidence to suggest that AGN ac- 
tivity could be episodic, although the range of time scales 
involved needs to be investigated further (e.g. lBestll2007t 
iBrocksopp et all 120 lU iSaikia fc Jannoz\fl2009ft~ Duririg 
the phase of inactivity, the energy supply from core to 
extended regions ceases and a source is expected to un- 
dergo a period of fading befo re it disappears completely 
(iMarecki fc Szablcwski 2009). In this case, sources may 
lack certain features, such as radio cores or well-defined 
jets that are produced by continuing activity. Compar- 
atively, the radio lobes are not so sensitive to continu- 
ing activity than radio cores. Alternatively, during the 
phase of reactivation, one may expect to observe fossil 
radio lobes remaining from an earlie r active epoch, alon g 
with newly restarting jets and cores (jMurgia et al.ll201ll ). 
In this case, the lobes are already disconnected from the 
currently active jets and cores. 

5. CONCLUSIONS 



Antonucci, R. 1993, ARA &A, 31, 473 
Antonucci, R. 2011, arXiv:1101.0837 

Athreya, R. M., Kapahi, V. K., McCarthy, P. J., & van Breugel, 

W. 1997, MNRAS, 289, 525 
Avni, Y., & Bahcall, J. N. 1980, ApJ, 235, 694 
Baker, J. C, Hunstead, R. W., Kapahi, V. K., & Subrahmanya, 

C. R. 1999, ApJS, 122, 29 
Baum, S. A., & Heckman, T. 1989, ApJ, 336, 681 
Becker, R. H., White, R. L., & Edwards, A. L. 1991, ApJS, 75, 1 



We concentrate our efforts on the study of the correla- 
tion between radio galaxies/QSOs and their cores via ra- 
dio luminosity functions. Using a large combined sample 
of 1063 radio-loud AGNs selected at low radio frequency, 
we investigate the radio luminosity function (RLF) at 
408 MHz band. We also estimate the core RLF at 5 
GHz band based on the 3CRR sample and the combined 
sample. Main results are follow as: 

1. In agrement with previous results, we note a strong 
correlation between core and total radio power for 
RGs and QSOs, but the correlations has large dis- 
persion, especially for QSOs. We find that the total 
power of RGs more strongly depend on core radio 
power compared to QSOs. 

2. Looking at the possible existence of a 'redshift cut- 
off', the steep-spectrum RLFs we obtained do not 
show an obvious density decline for powerful radio 
sources beyond z ~ 2.5 over the whole luminosity 
range. We argue that the evolution of radio AGNs 
is luminosity-dependent, while the so-called 'red- 
shift cut-off' in steep-spectrum population is not 
obvious in our result of RLFs. 

3. The core RLFs we obtained show that the comov- 
ing number density of radio cores has a persistent 
decline with redshift, implying a negative density 
evolution. We believe that the radio core emission 
could be gradually powered by central engines, or 
their radio-loudness be epoch dependent. 

4. It is noticed that the core RLF is obviously differ- 
ent from the total RLF at 408 MHz band which 
is mainly contributed by extended lobes, implying 
that the core and extended lobes could not be co- 
evolving at radio emission. 

ACKNOWLEDGMENTS 

We are grateful to the referee for very useful comments 
that improved this paper. We acknowledge the financial 
supports from the National Natural Science Foundation 
of China 10778702, the NationalBasic Research Program 
of China (973 Program 2009CB824800), and the Pol- 
icy Research Program of Chinese Academy of Sciences 
(KJCX2-YW-T24). ZLY thanks Professor P. J. Mc- 
Carthy for offering K-band magnitude data of the MRC 
1-Jy sample, Dr. C. De Breuck and Wil van Breugel for 
some useful help. We thank Hardcastle team providing 
the 3CRR data on the Web site. This research has made 
use of the NASA/IPAC Extragalactic Database (NED) 
which is operated by the Jet Propulsion Laboratory, Cal- 
ifornia Institute of Technology, under contract with the 
National Aeronautics and Space Administration. 



Best, P. N. 2007, New A Rew., 51, 168 

Best, P. N., Carilli, C. L., Garrington, S. T., Longair, M. S., & 

Rottgering, H. J. A. 1998, MNRAS, 299, 357 
Best, P. N., Peacock, J. A., Brookes, M. H., Dowsett, R. E., 

Rottgering, H. J. A., Dunlop, J. S., & Lehnert, M. D. 2003, 

MNRAS, 346, 1021 
Best, P. N., Rottgering, H. J. A., & Lehnert, M. D. 2000, 

MNRAS, 315, 21 



On the Evolution of the Cores and Lobes 



9 



Best, P. N., Rottgering, H. J. A., & Lehnert, M. D. 1999, 

MNRAS, 310, 223 
Blandford, R. D., & Konigl, A. 1979, ApJ, 232, 34 
Blunder!, K. M., Rawlings, S., & Willott, C. J. 1999, AJ, 117, 677 
Boyle, B. J., Shanks, T., Croom, S. M., Smith, R. J., Miller, L., 

Loaring, N., & Heymans, C. 2000, MNRAS, 317, 1014 
Brocksopp, C, Kaiser, C. R., Schoenmakers, A. P., & de Bruyn, 

A. G. 2011, MNRAS, 410, 484 
Brookes, M. H., Best, P. N., Rengelink, Rottgering, H. J. A. 2006, 

MNRAS, 366, 1265 
Browne, I. W. A., & Murphy, D. W. 1987, MNRAS, 226, 601 
Burgess, A. M., & Hunstead, R. W. 2006, AJ, 131, 100 
Burgess, A. M., & Hunstead, R. W. 2006, AJ, 131, 114 
Carilli, C. L., Roettgering, H. J. A., van Ojik, R., Miley, G. K., & 

van Breugel, W. J. M. 1997, ApJS, 109, 1 
Cirasuolo, M., Magliocchetti, M., & Celotti, A. 2005, MNRAS, 

357, 1267 

Colla, G., Fanti, C, Fanti, R., Gioia, I., Lari, C, Lequeux, J., 

Lucas, R., & Ulrich, M.-H. 1975, A&A, 38, 209 
Croston, J. H., Hardcastle, M. J., Harris, D. E., et al. 2005, ApJ, 

626, 733 

Cruz, M. J., Jarvis, M. J., Rawlings, S., & Blundell, K. M. 2007, 

MNRAS, 375, 1349 
de Vries, N, Snellen, I. A. G., Schilizzi, R. T., Lehnert, M. D., & 

Bremer, M. N. 2007, A&A, 464, 879 
de Zotti, G., Massardi, M., Negrello, M., & Wall, J. 2010, 

A&A Rev., 18, 1 
di Serego-Alighieri, S., Danziger, I. J., Morganti, R., & 

Tadhunter, C. N. 1994, MNRAS, 269, 998 
Dicken, D.. Tadhunter, C, Morganti, R.. Buchanan, C, 

Oosterloo, T., & Axon, D. 2008, ApJ, 678, 712 
Dodson, R., et al. 2008, ApJS, 175, 314 
Drinkwater, M. J., et al. 1997, MNRAS, 284, 85 
Dunlop, J. S., & Peacock, J. A. 1990, MNRAS, 247, 19 
Eales, S. 1993, ApJ, 404, 51 
Ekers, R. D., et al. 1989, MNRAS, 236, 737 

Ellis, R. S., Colless, M., Broadhurst, T., Heyl, J., & Glazcbrook, 

K. 1996, MNRAS, 280, 235 
Falcke, H., & Biermann, P. L. 1995, A&A, 293, 665 
Falcke, H., Malkan, M. A., & Biermann, P. L. 1995, A&A, 298, 

375 

Fan, J. H., & Zhang, J. S. 2003, A&A, 407, 899 
FanarofT, B. L., & Riley, J. M. 1974, MNRAS, 167, 31P 
Fanti, C, Fanti, R., Ficarra, A., & Padrielli, L. 1974, A&AS, 18, 
147 

Fender, R. P., Belloni, T. M., & Gallo, E. 2004, MNRAS, 355, 
1105 

Fender, R. P., Gallo, E., & Russell, D. 2010, MNRAS, 406, 1425 
Feretti, L., Giovannini, G.. Gregorini, L., Parma, P., & Zamorani, 

G. 1984, A&A, 139, 55 
Ficarra, A., Grueff, G., & Tomassetti, G. 1985, A&AS, 59, 255 
Gallimore, J. F., Baum, S. A., O'Dca, C. P., & Pedlar, A. 1996, 

ApJ, 458, 136 

Gendre, M. A., Best, P. N., & Wall, J. V. 2010, MNRAS, 404, 
1719 

Gilbert, G. M., Riley, J. M., Hardcastle, M. J., Croston, J. H., 
Pooley, G. G., & Alexander, P. 2004, MNRAS, 351, 845 

Giovannini, G., Feretti, L., Gregorini, L., & Parma, P. 1988, 
A&A, 199, 73 

Govoni, F., Falomo, R., Fasano, G., & Scarpa, R. 2000, A&A, 
353, 507 

Hardcastle, M. J., Alexander, P., Pooley, G. G., & Riley, J. M. 

1998, MNRAS, 296, 445 
Hardcastle, M. J., Alexander, P., Pooley, G. G., & Riley, J. M. 

1997, MNRAS, 288, 859 
Hardcastle, M. J., Evans, D. A., & Croston, J. H. 2009, MNRAS, 

396 1929 

Hasinger, C, Miyaji, T., & Schmidt, M. 2005, A&A, 441, 417 
Heckman, T. M., O'Dea, C. P., Baum, S. A., & Laurikainen, E. 

1994, ApJ, 428, 65 
Ho, L. C. 2002, ApJ, 564, 120 
Ho, L. C. 2008, ARA&A, 46. 475 
Hogg, D. W. 1999, arXiv:astro-ph/9905116 

Hutchings, J. B., Gower, A. C, rtyneveld, S., & Dewey, A. 1996, 
AJ, 111, 2167 

Ishwara-Chandra, C. H., & Saikia, D. J. 2000, MNRAS, 317, 658 
Ishwara-Chandra, C. H., Saikia, D. J., Kapahi, V. K., & 

McCarthy, P. J. 1998, MNRAS, 300, 269 
Ishwara-Chandra, C. H., Saikia, D. J., McCarthy, P. J., & van 

Breugel, W. J. M. 2001, MNRAS, 323, 460 
Jackson, C. A., Wall, J. V., Shaver, P. A., Kellermann, K. I., 

Hook, I. M., & Hawkins, M. R. S. 2002, A&A, 386, 97 
Jarvis, M. J., & Rawlings, S. 2000, MNRAS, 319, 121 
Jarvis, M. J., Rawlings, S., Willott, C. J., Blundell, K. M., Eales. 

S., & Lacy, M. 2001, MNRAS, 327, 907 
Jiang, L., Fan, X., Ivezic, Z., et al. 2007, ApJ, 656, 680 



Jones, P. A., McAdam, W. B., & Reynolds, J. E. 1994, MNRAS, 
268, 602 

Kording, E. G., Jester, S., & Fender, R. 2006, MNRAS, 372, 1366 
Kaiser, C. R. 2009, Astronomische Nachrichten, 330, 270 
Kapahi, V. K. 1995, Journal of Astrophysics and Astronomy, 16, 1 
Kapahi, V. K., Athreya, R. M., Subrahmanya, C. R., Baker, 

J. C, Hunstead, R. W., McCarthy. P. J., & van Breugel, W. 

1998, ApJS, 118, 327 
Kapahi, V. K., Athreya, R. M., van Breugel, W., McCarthy, P. J., 

& Subrahmanya, C. R. 1998, ApJS, 118, 275 
Kharb, P., & Shastri, P. 2004, A&A, 425, 825 
Kudryavtseva, N. A., Gabuzda, D. C, Aller, M. F., & Aller, 

H. D. 2011, MNRAS, 415, 1631 

Kuehr, H., Witzel, A., Pauliny-Toth, I. I. K., & Nauber, U. 1981, 

A&AS, 45, 367 
Laing, R. A., & Peacock, J. A. 1980, MNRAS, 190, 903 
Laing, R. A., Riley, J. M., & Longair, M. S. 1983, MNRAS, 204, 

151 

Lara, L., Giovannini, G., Cotton, W. D., Feretti, L., Marcaide, 
J. M., Marquez, I., & Venturi, T. 2004, A&A, 421, 899 

Large, M. I., Cram, L. E., & Burgess, A. M. 1991, The 
Observatory, 111, 72 

Large, M. I., Mills, B. Y., Little, A. G., Crawford, D. F.. & 
Sutton, J. M. 1981, MNRAS, 194, 693 

Leipski, C, et al. 2010, ApJ, 717, 766 

Liu, F. K., & Zhang, Y. H. 2002, A&A, 381, 757 

Longair, M. S. 1966, MNRAS, 133, 421 

Maccacaro, T., della Ceca, R., Gioia, I. M., Morris, S. L., Stocke, 

J. T., & Wolter, A. 1991, ApJ, 374, 117 
Mantovani, F., Junor, W., Fanti, R., Padrielli, L., Browne, 

I. W. A., & Muxlow, T. W. B. 1992, MNRAS, 257, 353 
Marecki, A., & Szablewski, M. 2009, A&A, 506, L33 
Marshall, H. L. 1985, ApJ, 299, 109 

Marshall, H. L., Schwartz, D. A., Lovell, J. E. J., et al. 2005, 
ApJS, 156, 13 

Marshall, H. L., Tananbaum, H., Avni, Y., & Zamorani, G. 1983, 
ApJ, 269, 35 

McCarthy, P. J., Kapahi, V. K., van Breugel, W., & 

Subrahmanya, C. R. 1990, AJ, 100, 1014 
McCarthy, P. J., van Breughel, W., Kapahi, V. K., & 

Subrahmanya, C. R. 1991, AJ, 102, 522 
McCarthy, P. J., Kapahi, V. K., van Breugel, W., Persson, S. E., 

Athreya, R., & Subrahmanya, C. R. 1996, ApJS, 107, 19 
Metcalfe, N., Fong, R., Shanks, T., & Kilkenny, D. 1989, 

MNRAS, 236, 207 
Miyaji, T.. Hasinger, G., & Schmidt, M. 2000, A&A, 353, 25 
Morganti, R., Killeen, N. E. B., & Tadhunter, C. N. 1993, 

MNRAS, 263, 1023 
Morganti, R., Oosterloo, T., Tadhunter, C. N., Aiudi, R., Jones, 

P., & Villar-Martin, M. 1999, A&AS, 140, 355 
Morganti, R., Oosterloo, T. A., Reynolds, J. E., Tadhunter, 

C. N., & Migenes, V. 1997, MNRAS, 284, 541 
Mullin, L. M., Riley, J. M., & Hardcastle, M. J. 2008, MNRAS, 

390, 595 

Murgia, M., et al. 2011, A&A, 526, A148 

Ncff, S. G., Roberts, L., & Hutchings, J. B. 1995, ApJS, 99, 349 

Nilsson, K. 1998, A&AS, 132, 31 

Padovani, P., & Urry, C. M. 1992, ApJ, 387, 449 

Rafter, S. E., Crenshaw, D. M., & Wiita, P. J. 2009, AJ, 137, 42 

Reid, R. I., Kronberg, P. P., & Perley, R. A. 1999, ApJS, 124, 285 

Sadler, E. M., Slee, O. B., Reynolds, J. E., & Roy, A. L. 1995, 

MNRAS, 276, 1373 
Saikia, D. J., & Jamrozy, M. 2009, Bulletin of the Astronomical 

Society of India, 37, 63 
Schmidt, M. 1968, ApJ, 151, 393 

Shaver, P. A., Wall, J. V., Kellermann, K. I., Jackson. C. A., & 

Hawkins, M. R. S. 1996, Nature, 384, 439 
Sikora, M., Stawarz, L., & Lasota, J.-P. 2007, ApJ, 658, 815 
Singal, A. K. 1993, MNRAS, 263, 139 

Slee, O. B., Sadler, E. M., Reynolds, J. E., & Ekers, R. D. 1994, 

MNRAS, 269, 928 
Tadhunter, C. N., Morganti, R., di Serego-Alighieri, S., Fosbury, 

R. A. E., & Danziger, I. J. 1993, MNRAS, 263, 999 
Tadhunter, C. N, Morganti, R., Robinson, A., Dickson, R., 

Villar-Martin, M., & Fosbury, R. A. E. 1998, MNRAS, 298, 

1035 

Taylor, G. B., Gugliucci, N. E.. Fabian, A. C, et al. 2006. 

MNRAS, 368, 1500 
Urry, C. M., & Padovani, P. 1995, PASP, 107, 803 
Venturi, T., Morganti, R., Tzioumis, T., & Reynolds, J. 2000, 

A&A, 363, 84 

Verdoes Kleijn, G. A., Baum, S. A., de Zeeuw, P. T., & O'Dca, 

C. P. 2002, AJ, 123, 1334 
Vigotti, M., Carballo, R., Benn, C. R., De Zotti, G., Fanti, R., 

Gonzalez Serrano, J. I., Mack, K.-H., & Holt, J. 2003, ApJ, 

591, 43 



10 Yuan & Wang 



TABLE 1 
The Combined Sample 



IAU 


Other 
Name 


z 


Sto.408 

Jy 


a 


Score5.0 

mjy 


a c 


Ref. 


Sample 


0007+124 


4C12.03 


0.156 


4.45 


0.87 


3.5 




1.54,55.57 


3CRR 


0013+790 


3C6.1 


0.8404 


8.70 


0.68 


4.4 




4,54,55,57 


3CRR 


0038-294 




3.0708 e 


1.01 


0.87 


41.1 




15,41,11 


MRC1 


0017-207 




0.545 


1.25 


0.95 


2.8 


0.09 


18,42,28 


MRC1 


0003-567 




0.2912 


5.19 


0.83 






7,40 


MS4 


0003-428 




0.53 


5.15 


0.86 


< 143 




7,40 


MS4 


0003-003 


3C2 


1.037 


10.45 


0.80 


48 





19,6 


BRL 


0034-014 


3C15 


0.073 


9.74 


0.71 


299 


-0.28 


12,13,19 


BRL 



References. (1) Wright & Otrupcek (1990); (2) Ficarra ct al. (1985); (3) Kuchr ct al. (1981); (4) Giovannini ct al. (1988); 

(5) IFanti et al.l f[974l) ; (6) Nilsson (1993); ( 7) [Bu rgess fc Hunstcad (2006 M); (8) lEkers ct al. (198 91); (9) ISIee et all (119941); (10) 
Jones et al.l (119941); f 11) IReid et all (119991); ( 12) Morganti ct al. (1993); (13) Morganti ct al. (1997); (14) Bro wne fc Murphvl Tl*987l) ; f!5) 
Kapahi ct al. (1998b); (16) McCarthy ct al. (1991); (17) Ishwara-Chandra & Saikia (2000); (18) Kapahi et al. (1998a); (19) Best ct al. 
(1999); (20) Best ct al. (2003); (21) Best ct al. (2000); (22) Liu & Zhang (2002); (23) Fan & Zhang (2003); (24) Baum fc Hcckman 
(1989) ; (25) lAthreva et all 1119971) ; J26) Galli moreetall (119961 ) ; (27) IMcCarthv et all (119901); (28) llshwara- Chandra ct al. (2001 ); (29) 
Ishwara-Chandra ct al. (1998); (30) Kharb & Shastri (2004): (31) Morganti ct al. (1999); (32) Tadhuntcr ct al. (1998); (33) Tadhuntcr ct al. 
(1993); (34) Wall & Peacock (1985); (35) di Scrcgo-Alighicri ct al. (1994); (36) Dickcn ct al. (2008); (37) Govoni ct al. (2000); (38) 
Hutchings ct al. (1996); (39) Ncff ct al. (1995); (40) Burgess & Hunstcad (2006a); (41) McCarthy ct al. (1996); (42) Baker ct al. (1999); 
(43) ICarilli et al.l (119971); (44) Hcckm an et all (IT991 ); (45) IMetcalfe et all H1989I ); (4 6) IJackson et all (120021) ; (47) Drinkw ater et all (U997I ); 

firookes ct al. (2006); (49) dc Vrics ct al. (2007); (50) Vcnturi ct al. (2000); (51) Sadler ct al. (1995); (52) Mantovani ct al. (1992); (53) 
hi (1995); (54) Laing ct al. (1983); (55) Hardcastlc ct al. (2009); (56) Lcipski ct al. (2010); (57) Mullin ct al. (2008); (58) Best ct al. 
); (59)[Hardcastl e et all 1119971) ; (60) Gilbert ct al. (2004); (61) Hardcastlc ct al. (1998); (62) IDodson et all (120081) ; (63) Marsha ll et al. 
); (64) ITavlor et all ll2006l )~7o5 'ILaing fc PeacockT l ll§8a) ; (66 lBecker et all dl99U) 
a Table 1 is available in its entirety in machine-readable forms in the online journal. A portion is shown here for guidance regarding its 
form and content. 



Waddington, I., Dunlop, J. S., Peacock, J. A., & Windhorst, 

R. A. 2001, MNRAS, 328, 882 
Wall, J. V., Jackson, C. A., Shaver, P. A., Hook, I. M., & 

Kellermann, K. I. 2005, AfcA, 434, 133 
Wall, J. V., & Peacock, J. A. 1985, MNRAS, 216, 173 



Willott, C. J., Rawlings, S., Blundcll, K. M., & Lacy, M. 1998, 

MNRAS, 300, 625 
Willott, C. J., Rawlings, S., Blundcll. K. M., Lacy, M., & Eales, 

S. A. 2001, MNRAS, 322, 536 
Wright, A., & Otrupcek, R. 1990, PKS Catalog (1990), 
Zirbel, E. L., & Baum, S. A. 1995, ApJ, 448, 521 



APPENDIX 
A. THE COMBINED SAMPLE 
The list of combined sample of radio galaxies/QSOs. The table has been arranged as follows: 

Column (1). Source name in IAU designation (B1950). An asterisk following the source name indicates that the 
source should be excluded from the combined sample for the reason explained in section 2. They are put in the table 
just for reference. 

Column (2). Other name if available. 

Column (3). Redshift. The redshift with a suffix e is estimated by the empirical relation of R — z or K — z as 
mentioned in section 2.2. Otherwise, redshifts are spectroscopic. 

Column (4). Total flux density at 408 MHz in Jy. For the 3CRR sample, these fluxes are from literature or 
extrapolated from 178 MHz fluxes. 

Column (5). Spectral index a near 408 MHz (where S = v~ a ). 

Column (6). Core flux density at 5 GHz in mJy. 

Column (7). Core spectral index a c near 5 GHz. Generally, core spectral index information is far from abundant in 
literature. Most of our sources with core fluxes do not have core spectral indices. For these sources, we simply assume 
a flat spectrum, a c = 0, in order to calculate core luminosities. 

Column (8). References. For the 3CRR sample, these are mainly references for total and core fulx densities as 
well as core spectral indices; for other samples, these are mainly references for redshifts, core flux densities and core 
spectral indices. The references for total flux densities at 5 GHz, which are used to calculate the i? c -parameter (see 
section 2.5), are also arranged in this column. 

Column (9). The sub-sample name. e.g. 3CRR: the 3CRR sample; MS4: the Molonglo southern 4 Jy sample; 
MRC1: the MRC 1-Jy sample; BRL: the BRL sample. 



